Beiser DG, Wojcik KR, Zhao D, Orbelyan GA, Hamann KJ, Vander Hoek TL. Akt1 genetic deficiency limits hypothermia cardioprotection following murine cardiac arrest. Am J Physiol Heart Circ Physiol 298: H1761-H1768, 2010. First published April 2, 2010; doi:10.1152/ajpheart.00187.2010.-Therapeutic hypothermia (TH) cardioprotection has recently been associated with increased Akt signaling in a rat model of cardiac arrest. However, it is not known whether Akt is required for this beneficial effect of TH. We used a mouse model of cardiac arrest demonstrating TH cardioprotection to study the response of mice deficient in an Akt1 allele. We hypothesized that Akt1 mediates TH cardioprotection and that decreases in Akt1 content would diminish such protection. Adult C57BL/6 wildtype (WT) mice underwent an 8-min cardiac arrest. After 6 min, the mice were randomized to normothermia (WTNT, 37°C) or TH (WTTH, 30°C). Following cardiopulmonary resuscitation and the return of spontaneous circulation (ROSC), the animals were hemodynamically monitored for 240 min (R240). At R240, cardiac tissue Akt content and phosphorylation were assayed. Studies were repeated in Akt1 heterozygous (Akt1 ϩ/Ϫ ) mice. As a result, baseline characteristics and ROSC rates were equivalent across groups. At R240, WTTH mice exhibited lower heart rate, larger stroke volume, and higher cardiac output than WTNT animals (P Ͻ 0.05). Cardioprotection in WTTH at R240 was associated with increased cardiac Akt phosphorylation at Ser473 and Thr308 compared with that in WTNT (P Ͻ 0.05). THassociated alterations in Akt phosphorylation, stroke volume, heart rate, and cardiac output were abrogated in Akt1 ϩ/Ϫ animals. In conclusion, TH improves post-ROSC cardiac function and increases Akt phosphorylation in WT, but not Akt1 ϩ/Ϫ , mice. The Akt1 isoform appears necessary for TH-mediated cardioprotection.
SUDDEN CARDIAC ARREST is a leading contributor to cardiovascular disease mortality with only 5-7% of out-of-hospital cardiac arrest victims surviving hospital discharge (27) . During the first minutes to hours following the return of spontaneous circulation (ROSC), patients often exhibit severe and lethal myocardial dysfunction than can occur in the absence of underlying focal coronary artery occlusion (8, 16, 25, 38, 41) . The mechanisms of post-ROSC myocardial depression are likely related to factors associated with ischemia-reperfusion (I/R) injury including substrate depletion, acidosis, oxidative stress, mitochondrial injury, alterations in intracellular calcium handling and in circulating cytokines, and the posttranslational modification of contractile and mitochondrial proteins (6, 20, 23, 24, 28) .
The induction of mild to moderate therapeutic hypothermia (TH) has been demonstrated to improve survival and neurological outcomes in comatose survivors of out-of-hospital cardiac arrest, in part, by limiting cardiac dysfunction during the immediate post-ROSC period (3, 40) . Researchers from our laboratory and others have previously demonstrated that intraarrest hypothermia attenuates cardiac dysfunction following cardiac arrest though the mechanism of this protection is poorly understood (1, 18, 47) . The serine/threonine kinase Akt (PKB), which has three isoforms in the mammalian genome (Akt1, Akt2, and Akt3), has emerged as a central mediator of contractile function within the heart in the setting of I/R injury (33) . In addition, Akt has been shown to be activated by a variety of cardioprotective interventions including growth factors and hypothermia (18, 29, 48) . However, it is unknown whether Akt activation is an essential feature of TH or merely an epiphenomenon. To address this question, we used a mouse model of cardiac arrest to assess the effect of TH on the phosphorylation state of Akt and to study the effect of decreased Akt1 expression on postarrest cardiac dysfunction and TH protection (33) .
METHODS
Animal preparation and cardiac arrest protocol. All animal procedures were approved by the Institutional Animal Care and Use Committee of the University of Chicago and have been detailed in our prior work (1, 47) . Briefly, mice were anesthetized with 80 g/g of ketamine (Phoenix Scientific, St. Joseph, MO) and 12 g/g xylazine (Ben Venue Laboratories, Bedford, OH) with periodic redosing of 20 -30% of the initial ketamine dose as required to maintain surgical anesthesia. Rectal temperature was monitored and maintained at 37 Ϯ 0.5°C throughout the surgical preparation. Mice were orally intubated and mechanically ventilated with a tidal volume of 12.5 l/g, a respiratory rate of 110 breaths/min, an inspired oxygen fraction of 1.0, and a positive end-expiratory pressure of 2 cmH 2O. An ultraminiature pressure-volume (P-V) catheter (SPR-839, P/N 840-8111, Millar Instruments, Houston, TX) was inserted into the left ventricle for hemodynamic measurements, a microcatheter (BioTime, Berkeley, CA) was inserted into the left jugular vein for fluid administration, and needle probes were placed to provide three-lead ECG.
Following this surgical preparation, animals were monitored for 50 min from the time of anesthesia induction; asystolic cardiac arrest was then induced in mice with mean arterial pressures (MAPs) Ͼ80 mmHg and a partial pressure of end-tidal CO 2 of Ͼ35 mmHg by the intravenous administration of 0.08 mg/g potassium chloride solution (Sigma, St. Louis, MO). After 8 min of arrest, resuscitation was attempted with chest compressions, mechanical ventilation, and scheduled fluid administration as previously described (47) . ROSC was defined as the return of sinus rhythm with a MAP of Ͼ40 mmHg lasting at least 5 min. Resuscitation efforts were terminated after 5 min or upon hemodynamic evidence of initial ROSC. Successfully resuscitated animals were monitored hemodynamically on mechanical ventilation for up to 240 min during which time they received scheduled intravenous injections of 0.9% saline at a rate of 100 l/h. Early protocol termination was triggered immediately for death because of cardiovascular collapse as defined by a MAP of Ͻ40 mmHg for at least 5 min.
Experimental groups. Following cardiac arrest induction ( Fig. 1 ), adult female wild-type (WT) mice (C57BL/6, Taconic Farms, Germantown, NY) were randomized to either continued normothermia (NT, 37 Ϯ 0.5°C) or intra-arrest hypothermia (TH, 30 Ϯ 0.5°C) induced after 6 min as previously described (1, 47) . At 60 min post-ROSC, TH animals were rewarmed over 20 min to 37 Ϯ 0.5°C. This TH protocol has been previously shown to improve cardiac function during the first 120 min following ROSC as well as 3-day neurologically intact survival in WT mice (1, 47) . This randomization protocol was later repeated in a cohort of Akt1 heterozygous (Akt1 ϩ/Ϫ ) mice (B6.129P2-Akt1 tm1Mbb /J, Jackson Laboratories, Bar Harbor, ME). Akt1 ϩ/Ϫ mice have a normal phenotype. Akt1 Ϫ/Ϫ mice were not used as they have significantly lower body mass than WT mice and can demonstrate altered myocardial fiber size and other heart defects (9, 11) .
Physiological signal acquisition and processing. Continuous physiological signals were digitally acquired using PowerLab Chart (ADInstruments, Colorado Springs, CO). Continuous left ventricular P-V data were acquired from the P-V catheter via the Millar Instruments P-V conductance system (MPCU-200, Millar Instruments). Volume data were initially acquired as a conductance voltage signal and converted into relative volume units using the built-in electronic calibration settings on the MPCU-200 and then later converted into true volume units (in l) using a linear relationship derived from a calibration system described by the manufacturer. Parametric indexes of left ventricular function were derived from P-V catheter data using Millar PVAN 3.0 analytic software.
Tissue Western blot methods. Western blot analysis was used to measure whole heart total Akt content and phosphorylation at the phospho (p)-Akt (Ser473) and p-Akt (Thr308) sites in a subset of WT and Akt1 ϩ/Ϫ animals (n ϭ 3 to 5 animals) surviving the entire 240-min post-ROSC period. Following death under anesthesia, hearts were harvested and snap frozen in liquid nitrogen and stored at Ϫ80°C for subsequent analysis. For comparison, hearts were also obtained from sham arrest WT and Akt1 ϩ/Ϫ mice (n Ն 3) after 240 min of continued sedation and hemodynamic monitoring without arrest. Naïve animals, WT (n ϭ 4) and Akt1 ϩ/Ϫ (n ϭ 12), were euthanized to characterize the relative expression of the total Akt, Akt1, Akt2, and Akt3 isoforms in the heart. For protein isolation, the hearts were pulverized under liquid nitrogen into a fine powder, and proteins were extracted in ice-cold lysis buffer (Cell Signaling, Danvers, MA) on ice for 10 min. Protein concentrations were determined using the Bradford protein assay (Bio-Rad, Hercules, CA). Proteins (25 g) were separated on 10% gels by SDS-PAGE, transferred to a nitrocellulose membrane, and subjected to immunoblotting with appropriate primary antibody (Cell Signaling) overnight at 4°C. After being washed and incubated with appropriate secondary antibody, the bands were visualized using chemiluminescent detection. Densitometry analysis of Western blots was carried out using Quantity One Software (Bio-Rad, Richmond, CA).
Statistical methods. All statistical computations were performed using GraphPad Prism 5 (GraphPad Software, La Jolla, CA) with significance levels at P Ͼ 0.05 except where noted. Continuous data were described by group means and standard deviation except where noted. Baseline characteristics were compared using the two-tailed Student's t-test. ROSC rates were compared by Fisher exact testing. Kaplan-Meier survival analysis was performed using log-rank (Mantel-Cox) testing. Densitometric and serial hemodynamic comparisons were made by the nonparametric Kruskal-Wallis ANOVA by ranks test with post hoc Dunn's testing.
RESULTS

Survival and hemodynamics in WT mice.
A total of 23 of 25 (92%) WT mice underwent successful instrumentation, cardiac arrest, and randomization to WT NT or WT TH intervention groups. Baseline characteristics including weight, heart rate, and partial pressure of end-tidal CO 2 were identical between groups (Table 1 ). In addition, baseline left ventricular performance indexes including maximum pressure (LVP max ), maximum rate of change in left ventricular pressure (dP/dt max ), diastolic relaxation time constant (), stroke volume, and cardiac output were statistically indistinguishable.
During resuscitation, measures of cardiopulmonary resuscitation (CPR) quality including chest compression rate and aortic diastolic blood pressure were equivalent between the intervention groups ( Table 1) . As previously reported in this model, partial pressure of end-tidal CO 2 during CPR was significantly lower in WT TH versus WT NT groups (14.8 Ϯ 3.6 vs. 20.4 Ϯ 3.2 mmHg, P Ͻ 0.05) (47) . The rate of initial ROSC and the time until ROSC were equivalent between groups. TH conferred a significant short-term survival benefit (Fig. 2) in WT TH compared with WT NT (80% vs. 31%, P Ͻ 0.05) at 240 min post-ROSC (R240). When compared with WT NT , WT TH animals displayed lower heart rate and higher stroke volume (Fig. 3 ) at 120 min (R120) post-ROSC, which were sustained at R240 (P Ͻ 0.05). These differences translated into persistent group differences in cardiac output in WT TH versus WT NT at R120 (2.4 Ϯ 0.3 vs. 3.5 Ϯ 0.3 ml/min, respectively, P Ͻ 0.05) and at R240 (3.6 Ϯ 0.3 vs. 1.8 Ϯ 0.4 ml/min, P Ͻ 0.05). TH-treated animals also exhibited significantly improved LVP max and dP/dt max relative to NT at R120 (P Ͻ 0.05). However, treatment-related differences in LVP max and dP/dt max did not persist in the subgroup of animals surviving to R240.
Cardiac Akt activation in WT mice. Akt activation after cardiac arrest resuscitation was assessed by phosphorylation. Whole heart lysates from sham-operated WT animals exhibited basal Akt protein expression as well as significant phosphorylation at the p-Akt (Ser473) site and minimal phosphorylation at the p-Akt (Thr308) site (Fig. 4) . At R240, the phosphorylation at p-Akt (Thr308) and p-Akt (Ser473) was significantly elevated in the TH group relative to both the sham and NT groups. Heart total Akt protein content did not vary significantly between groups.
Cardiac Akt expression in WT versus Akt1 ϩ/Ϫ mice. Evaluation of the relative expression of the three mammalian isoforms of Akt in naïve WT mice (Fig. 5 ) revealed a significantly higher expression of Akt1 compared with Akt2 (P Ͻ 0.05) and no measurable expression of Akt3. This result was consistent with prior reports of Akt1 being the most abundant Akt isoform found in the heart (33) . When compared with that of naïve WT mice, the expression of total Akt and Akt1 in naïve Akt1 ϩ/Ϫ mice was significantly less (P Ͻ 0.05). A small, nonsignificant increase in Akt2 expression was noted in the hearts of Akt1 ϩ/Ϫ animals compared with that in WT mice. Thus there did not appear to be any significant compensation by non-Akt1 isoforms in the heart as a result of partial Akt1 deletion.
Survival and hemodynamics in Akt1 ϩ/Ϫ mice. For the Akt1 ϩ/Ϫ group, 18 of 22 (82%) mice underwent successful instrumentation, cardiac arrest, and randomization to Akt1 NT ϩ/Ϫ or Akt1 TH ϩ/Ϫ groups. As with the WT groups, baseline characteristics, CPR quality indexes, ROSC rates, and time until ROSC were identical between the intervention groups ( Table 2) . In contrast to those in the WT mice, survival rates to R240 were equivalent between the Akt1 NT ϩ/Ϫ (5 of 8, 65%) and Akt1 TH ϩ/Ϫ (7 of 10, 70%) groups. During the post-ROSC period, both Akt1 ϩ/Ϫ Fig. 5 . A: protein expression of Akt isoforms in whole heart lysates from naïve WT and Akt1 ϩ/Ϫ animals. B: densitometric analysis of Western blots revealed significant strain-related differences in total Akt, and Akt1 expression (P Ͻ 0.05, denoted by bracket). Akt3 was not detected in whole heart lysates. groups ( Fig. 6 ) displayed significant increases in heart rate and decreases in LVP max , stroke volume, and dP/dt max relative to baseline (P Ͻ 0.05). TH treatment-related differences in heart rate, LVP max , dP/dt max , or were not observed in Akt1 (Fig. 7) , phosphorylation at the p-Akt (Ser473) and p-Akt (Thr308) sites was apparent in sham-operated animals and was unchanged at 240 min following ROSC in NT animals. In contrast to WT animals, TH-treated animals exhibited a significant decrease in phosphorylation at p-Akt (Ser473) by 240 min following ROSC with no significant change at p-Akt (Thr308). Total Akt protein levels did not vary significantly between groups (data not shown).
DISCUSSION
In the present study, we demonstrate that TH, induced before resuscitation from cardiac arrest and continued 1 h after ROSC, results in cardioprotection that lasts for hours following ROSC and rewarming. Furthermore, we demonstrate that such cardioprotection is associated with increased cardiac Akt activity as measured by increased phosphorylation. Finally, our results suggest that the loss of an Akt1 allele, resulting in decreased Values are means Ϯ SD; n, number of mice. *Calculated for subset of animals achieving ROSC.
Fig. 6. Indexes of left ventricular function in Akt1
ϩ/Ϫ animals. Heart rate, LVPmax, stroke volume, dP/dtmax, cardiac output, and are displayed at BL before arrest and at R120 and R240. *P Ͻ 0.05, significant difference relative to BL. P Ͻ 0.05 (denoted by bracket), significant difference between treatment groups. cardiac Akt1 protein content, disrupts this pattern of TH cardioprotection and associated phosphorylation.
Effect of TH post-ROSC cardiac dysfunction in WT and Akt1
ϩ/Ϫ mice. Victims of cardiac arrest frequently exhibit severe myocardial dysfunction during the first minutes to hours following ROSC, which negatively impacts outcomes and can occur in the absence of underlying focal coronary artery occlusion (8, 16, 25, 37, 38, 41) . In agreement with this clinical literature, as well as several large animal models of cardiac arrest (15, 21, 22) , both WT and Akt1 ϩ/Ϫ mice displayed severe cardiac dysfunction following a brief period of whole body ischemia. Our results in WT mice are also consistent with past reports in our model and other's demonstrating that TH induces improvement in several indexes of left ventricular function (18, 47) . We add to this literature by demonstrating that TH-associated improvements in systolic function, such as LVP max and dP/dt max , may dissipate during the first few hours following ROSC. We further add to this literature by demonstrating that in Akt1 ϩ/Ϫ animals, TH did not significantly alter heart rate or measures of systolic function including LVP max and dP/dt max . This difference in treatment effect implies that Akt1 may play an important role in mediating this aspect of hypothermic protection.
Our study is also one of the first to suggest that intra-arrest TH induces improvements in diastolic relaxation, stroke volume, and cardiac output (18, 47) and the first to document that such improvements may persist for up to 3 h following rewarming. Interestingly, Akt1 TH ϩ/Ϫ animals displayed only transient improvement in stroke volume relative to Akt1 NT ϩ/Ϫ animals, suggesting a role that TH may preserve stroke volume through an Akt1-dependent mechanism.
Akt-dependent mechanisms of TH cardioprotection. The mechanisms of such post-ROSC myocardial depression and TH protection are not well described but are likely related to factors associated with I/R injury including substrate depletion, acidosis, oxidative stress, mitochondrial injury, and alterations in intracellular calcium handling (6, 12, 20, 23, 24, 28) . Our results suggest that the serine/threonine kinase Akt (PKB), which has emerged as a central molecule within signal transduction pathways connecting extracellular growth factors and stressors with a variety of intracellular mechanisms related to cardiomyocyte growth and survival (14) , may also play a protective signaling role in TH cardioprotection following ROSC. Consistent with this theory, increased levels of heart p-Akt have also been associated with erythropoietin-induced preservation of left ventricular function in a rat model of asphyxia-induced cardiac arrest (17, 19) . Consistent with our results, the overexpression of Akt in the heart has been shown to be cardioprotective following I/R injury (14) . However, no work has been done to manipulate Akt1 content specifically in the context of cardiac arrest. Our results add to this literature by demonstrating, for the first time, that a partial reduction in Akt1 expression can affect the hemodynamic response post-ROSC in NT and TH animals. Such manipulation would impact the expression of Akt1 in both the heart as well as in peripheral tissues, such as skeletal muscle, that produce factors affecting heart function (34).
TH-induced enhancement of Akt signaling during the post-ROSC period, as demonstrated in our WT mice, could protect the heart via both direct cardiomyocyte and endothelial effects. At the level of the cardiomyocyte, treatment-related differences in ventricular chronotropy, contractility, and lusitropy suggest that such protection may involve calcium regulation at the level of sarcolemmal or sarcoplasmic reticulum or potentially via protective interactions involving localization to the mitochondrial outer membrane (7) . Specifically, Akt is thought to mediate signals from a variety of receptors including insulin receptors, estrogen receptors, and G protein-coupled receptors such as ␤-adrenergic receptors (26, 46) . Furthermore, Akt signaling pathways have been recently implicated in the fine tuning of intracellular calcium concentrations through effectors including L-type calcium channels, ryanodine receptors (RyR), and sarcoplasmic reticulum calcium-ATPase pumps. In addition to altering contractility and lusitropy, Akt-mediated alterations in intracellular calcium handling could theoretically alter sinoatrial automaticity and ␤-adrenergic signaling and thus explain the differences in the chronotropic response to cardiac arrest, resuscitation, and hypothermia noted between our experimental groups. At the level of the endothelium, we have also recently reported that enhanced Akt activation during oxidant stress in human microvascular endothelial cells is necessary for the restoration of barrier function (13) . Though not measured in the present in vivo study, such reduced cardiac Akt activity could result in greater microvascular dysfunction in NT and Akt1 ϩ/Ϫ animals following ROSC. Hypothermic modulation of Akt signaling. Hypothermic adaptations are thought to upregulate a variety of cell survival signaling pathways at the transcriptional as well as the posttranslational regulatory level (29 -32, 39) . Our results suggest that TH sustains Akt activity following rewarming and are consistent with recent evidence from a rat model of asphyxial arrest, which suggests that the induction of TH following ROSC may increase Akt phosphorylation at 2 h post-ROSC in treated animals (18) . TH has also been shown to preserve p-Akt (Ser473) levels during cerebral ischemia and to attenuate the decline in Akt kinase activity in the brain following reperfusion (48) . Other work in isolated hearts suggests that moderate (30°C), but not mild (34°C), hypothermia during 120 min of index ischemia exhibits a preserved expression of Akt1 as well as several stress response proteins such as hypoxiainducible factor-1␣ and heme oxygenase-1 and nuclear transcriptional factors such as peroxisome proliferator-activated receptor-␤ and peroxisome proliferator-activated receptor-␥ coactivator-1␣ that are important to the regulation of a number of mitochondrial genes involved in oxidative metabolism (29) . Our findings that TH increased p-Akt at 240 min following ROSC are consistent with these studies and extend this work into a mouse model of cardiac arrest.
In the heart, constitutive activity of Akt1, the dominant isoform within the mammalian heart, is enhanced or preserved by a variety of growth factors that signal via phosphoinositide 3-kinases through the phosphorylation of the serine [p-Akt (Ser473)] and threonine [p-Akt (Thr308)] sites in the COOHterminal (regulatory) and NH 2 -terminal (kinase) domains, respectively (2, 33) . While the mechanism for TH preservation of Akt phosphorylation is unknown, it could potentially alter the relative balance of kinase or phosphatase activity. Alternatively, TH could modulate Akt activity through the activation of heat shock/cold shock proteins or the modulation of reactive oxygen species-sensitive signaling pathways (10, 35, 39) . The observed reduction in Akt phosphorylation in Akt1 ϩ/Ϫ mice could reflect a change in the relative stoichiometry of Akt, kinases, and phosphatases including protein phosphatase 2 in these animals.
Consistent with reports by others, our work demonstrates that among the three Akt isoforms, Akt1 is predominantly expressed in the heart (33). To our knowledge, no reports exist regarding the relative Akt1 and Akt2 isoform concentrations in the heart in Akt1 ϩ/Ϫ mice. Our current work suggests that there is a significant myocardial reduction of Akt1 in these animals without compensatory increases in Akt2 or Akt3. To our knowledge, this is the first report to suggest that a partial reduction in Akt1 expression can affect outcome in a whole animal model of cardiac arrest. In addition, our results suggest that a partial reduction of Akt1 abrogates a TH-induced increase in Akt activity following ROSC.
Akt activation strategies and the translational challenges of intra-arrest TH. Intra-arrest cooling has been successfully translated into a few large animal models of cardiac arrest (5, 36, 45) and a recent study of out-of-hospital cardiac arrest (4). In addition, induced temperatures of 32-34°C before reperfusion with percutaneous coronary intervention have been reported in one study of cardiac arrest survivors with evidence of acute myocardial infarction (43) . Despite these successful demonstration projects, the rapid induction of hypothermia in cardiac arrest patients before ROSC introduces additional thermodynamic, physiological, and implementation challenges and complexity to the earliest links in the chain of survival (42, 45) . Accordingly, the adjunct use of pharmacological TH mimetic agents could conceivably improve TH protection in postcardiac arrest patients. Our results suggest that Akt1 is a myocardial target of TH that could hold promise in this regard.
Limitations. The interpretation of our results is somewhat limited by the use of a partial, rather than complete, Akt1 knockout mouse with reduced, rather than ablated, Akt1 expression. However, this experimental design decision was made given the knowledge that mice with a homozygous disruption of the Akt1 gene (Akt1 Ϫ/Ϫ ) exhibit 50% perinatal mortality, growth retardation, and decreased life span, which poses a significant technical, physiological, and financial barrier to using these animals in our adult mouse model of cardiac arrest (9, 11) . Also, while we did not observe an elevated expression of Akt2 or Akt3 isoforms in the Akt1 ϩ/Ϫ group, it is possible that these mice may develop compensation by other proteins involved in Akt1 signaling within the heart. Finally, this study was designed to focus on cardiovascular events immediately following ROSC. Accordingly, a generalization of our study results to long-term outcomes is limited. Finally, recent studies have also suggested subtle differences in the degree of myocardial dysfunction following electrically induced, as well as ischemia-induced, models of ventricular fibrillation arrest (44) . Thus additional work is warranted to test the conclusions from our KCl model of arrest in other cardiac arrest etiologies.
Conclusions. TH preserves post-ROSC cardiovascular function and increases Akt activity in WT mice. The response to TH is altered dramatically in Akt1-deficient mice, suggesting that TH modulates Akt-dependent cardioprotective pathways.
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